Gauging the global B − L (Baryon number minus Lepton number) symmetry in the Standard Model (SM) is well-motivated since anomaly cancellations require the introduction of three right-handed neutrinos (RHNs) which play an essential role in naturally generating tiny SM neutrino masses through the seesaw mechanism. In the context of the B − L extended SM, we propose a pseudo-Goldstone boson dark matter (DM) scenario in which the imaginary component of a complex B − L Higgs field serves as the DM in the universe. The DM relic density is determined by the SM Higgs boson mediated process, but its elastic scattering with nucleons through the exchange of Higgs bosons is highly suppressed due to its pseudo-Goldstone boson nature. The model is therefore free from the constraints arising from direct DM detection experiments. We identify regions of the model parameter space for reproducing the observed DM density compatible with the constraints from the Large Hadron Collider and the indirect DM searches by Fermi-LAT and MAGIC.
Introduction
According to the widely accepted Λ CDM model [1] around 25% of the universe's total energy density resides in one or more dark matter (DM) particle. A neutral weakly interacting massive particle (WIMP), incorporated in new physics beyond the Standard Model (SM), remains an attractive DM candidate. The so-called Higgs-portal scalar DM [2] is a well-studied WIMP DM scenario, in which a SM singlet real scalar field plays the role of WIMP DM through its renormalizable interaction with the SM Higgs boson. Because of its simplicity, the physics of the Higgs-portal scalar DM scenario is determined by only two parameters, a quartic coupling between the scalar DM and the SM Higgs doublet (λ HSS ) and the DM mass (m S ). The constraint from the observed DM relic density determines λ HSS as a function of m S , in which case the latter is the unique free parameter of the scenario.
A number of DM detection experiments have been searching for a signal from a DM particle scattering off nuclei. No evidence for this has so far been observed, and the most stringent upper bound is reported by XENON1T experiment [3] and the DarkSide-50 experiment [4] for a DM mass m S [GeV] > 6 and 1 ≤ m S [GeV] ≤ 6, respectively. For the Higgs-portal scalar DM, the upper bound on DM-nucleon scattering cross section leads to a lower bound on λ HSS . For 1 GeV < m S a few TeV, almost the entire region which can reproduce the observed DM density with λ HSS in perturbative regime is excluded, except for a very narrow region in the vicinity of the Higgs boson resonance point of m S ≃ m h /2 ≃ 62.5 GeV. Studies of the Higgs boson decay at the Large Hadron Collider (LHC) [5] exclude the region m S < 1 GeV, which predicts a large invisible branching ratio into a pair of DM particles. Although the Higgs-portal scalar DM scenario is relatively straightforward scenario, only a very limited parameter region is allowed. See Ref. [6] for a review on the current status of the Higgs-portal DM scenario.
Recently, a so-called pseudo-Goldstone DM (pGDM) model has been proposed in Ref. [7] , which is an extension of the Higgs-portal scalar DM scenario with a (broken) global U(1) symmetry. The basic idea is the following: It contains a single complex scalar S and its mass term takes the form
where µ S is a real mass parameter. In the absence of this term, the model possesses a global U(1) symmetry, which is broken by a nonzero vacuum expectation value (VEV) of the real part of S. The imaginary component of S (we call it χ) is a massless Nambu-Goldstone (NG) particle in the limit µ S → 0. Even for µ S = 0, the model has a Z 2 symmetry under which χ has an odd-parity and all the other fields including the SM fields are even. Hence, χ is stable and a Higgs-portal scalar DM candidate. A characteristic feature of this model is that despite µ S = 0, χ retains a Goldstone boson nature with a derivative coupling to the Higgs boson. As a result, this coupling disappears in the non-relativistic limit, so that the scattering cross section of the DM particle χ with a nucleon mediated by the Higgs bosons vanishes [7] . This model is therefore free from the constraints from the direct DM detection experiments. In this paper we propose a pGDM model based on a simple extension of the minimal B − L (Baryon number minus Lepton number) model [8] , where the anomaly-free global B − L symmetry of the SM is gauged. We introduce an additional scalar field relative to the minimal B − L model which has a unit B − L charge and whose imaginary component pays the role of pGDM. Except for the DM physics, the phenomenology of the model is much the same as that of the minimal B − L model. The gauge and mixed gauge-gravitational anomalies are all canceled by the presence of three right-handed neutrinos (RHNs), which acquire their Majorana masses associated with B − L symmetry breaking. With the Majorana RHNs and electroweak symmetry breaking, the seesaw mechanism works to generate the tiny neutrino masses. The model can also account for the observed baryon asymmetry of the universe through leptogenesis [9] .
Our gauge extension of the pGDM model has another theoretical advantage. In the original pGDM model [7] , in order to realize a phenomenologically viable scenario it is essential to introduce the mass squared terms in Eq. (1.1) which explicitly break the global U(1) symmetry. Since the latter symmetry is not manifest one could, in general, include additional terms. However, with such general terms, the DM particle looses its Goldstone boson nature and the model will be severely constrained by the direct DM detection experiments. As we discuss in the next section, we effectively realize the terms in Eq. (1.1) after B − L symmetry breaking, and any unwanted terms is forbidden by the B − L symmetry. Therefore, we may consider our model as an ultraviolet completion of the original pGDM model. Unlike the original model in Ref. [7] where a Z 2 symmetry ensures the stability of the DM particle, the B − L gauge interaction explicitly violates this parity, and hence the DM particle is not entirely stable. This fact implies a lower bound on the B − L symmetry breaking scale in order to yield a sufficiently long-lived DM particle. Although the pGDM evades the direct detection constraints, we examine constraints on the model parameter space from the LHC and from indirect DM search experiments, such as the Fermi Large Area Telescope (Fermi-LAT) [10] and Major Atmospheric Gamma Imaging Cherenkov Telescopes (MAGIC) [11] .
This paper is organized as follows: In Sec. 2 we present our pGDM model in the B − L framework. We first describe the basic structure of the model, and then show that the DMnucleon scattering amplitude vanishes in the non-relativistic limit. We also estimate the lifetime of the pGDM and obtain a lower bound on the B − L symmetry breaking scale. In Sec. 3 we identify the parameter region compatible with the observed DM relic density. In Sec. 4 we constrain the parameter space of our model by taking into account LHC and indirect DM search experiments. Our conclusions are summarized in Sec. 5.
pGDM in B − L extended Standard Model
We consider a B − L extension of the SM that incorporates a pGDM particle. The field content is listed in Table 1 . 4 In addition to the SM fields, the model includes three right-handed neutrinos (N i R ) in order to cancel all the gauge and mixed gauge-gravitational anomalies. The scalar sector includes two new SM singlet Higgs fields, Φ A and Φ B , with B − L charges +2 and −1, respectively. This charge assignment for Φ A,B is crucial for incorporating a pGDM particle. Note that the model reduces to the minimal B − L model if we omit the new Higgs field Φ B .
The SM Yukawa sector for the RHNs is extended to include in the Lagrangian density the 
where we have assumed a diagonal basis for the Majorana Yukawa couplings. After the electroweak and B − L symmetry breaking, the Dirac and the Majorana masses for the RHNs are generated,
2)
where v H = √ 2 H 0 = 246 GeV is a VEV of the charge neutral component (H 0 ) of the SM Higgs doublet, and v A = √ 2 Φ A .
Realizing pGDM
Let us consider the scalar sector of the model. The gauge invariant and renormalizable scalar potential for Φ A,B and H is given by
where µ A,B,H , Λ, and quartic scalar coupling parameters (λ i ) are all real parameters with mass dimension 2, 1, and 0, respectively. 5 This scalar potential is invariant under transformation 6 Arranging suitably the parameters in the scalar potential, we obtain the B − L symmetry breaking by Re[Φ A,B ] = 0. After this breaking, a linear combination of Im[Φ A ] and Im[Φ B ] forms the would-be Nambu-Goldstone (NG) mode which is eaten by the the B − L gauge boson (Z ′ ). Its orthogonal combination is a physical massive scalar which, as we will see below, is the desired pGDM particle. Note that the covariant derivatives for Φ A,B explicitly break the symmetry Φ A,B → Φ † A,B and so the pGDM is not stable. We will discuss its lifetime later. Let us first consider the mass spectrum of the model. We express the scalar fields as
The stationary conditions around the VEVs lead to
Substituting Eqs. (2.4) and (2.5) into Eq. (2.3), we obtain the mass matrices for the real and imaginary components, respectively. Since the Z 2 symmetry is manifest for the scalar potential, there is no mixing between the real and imaginary components. For the real components, the mass matrix is given by 6) and the corresponding imaginary component mass matrix is given by
We first diagonalize the mass matrix for the imaginary components, where χ 1,2 are the mass eigenstates, and
The mass eigenvalues of χ 1,2 are given by
In the following, we employ the R ξ -gauge to show that χ 1 is the would-be NG mode absorbed by the gauge boson Z ′ , and χ 2 is the pGDM. The kinetic terms for the scalars and the gauge field are given by
The choice of γ eliminates the mixing terms χ 1,2 (∂ µ Z ′ ). We rewrite Eq. (2.11) in terms of the mass eigenstates as
Here, as usual in R ξ -gauge, γ is identified with the B − L gauge boson mass, γ = m Z ′ , and χ 1 is the would-be NG mode whose mass squared is given by ξm 2 Z ′ . In the following, we employ the unitary gauge (ξ → ∞), such that the would-be NG mode χ 1 decouples from the system. The last line of Eq. (2.12) shows that the Z 2 parity is not manifest in the gauge sector, and χ 2 decays through this triple coupling. In the next subsection, we estimate the lifetime of χ 2 . As expected, if Z ′ and φ A,B are sufficiently heavy, χ 2 can be sufficiently long-lived in order to be a viable DM in the universe.
pGDM Direct Detection Amplitude and Lifetime
To check if the elastic scattering cross section of the pGDM (χ 2 ) with nucleons is adequately suppressed and its lifetime is long enough, let us first consider the so-called "spurion" limit. In this limit, we take
A ≫ Λv B , and λ AH , λ AB → 0, so that the mass matrix of Eq. (2.6) becomes block-diagonal and φ A is decoupled from the system. We have θ ≪ 1 in Eq. (2.8) for v A ≫ v B , and thus χ 1 ≃ −χ A and the pGDM χ 2 ≃ χ B . Therefore, in the spurion limit (and in the unitary gauge), Φ A looses its dynamical degrees of freedom and works as an external field with Φ A . Next, we consider the following mass matrix for φ B and h:
If we ignore the B −L gauge interaction, the spurion limit effectively realizes the original pGDM model. The elastic scattering of pGDM (χ B ) with nucleons is mediated by two Higgs bosons which are linear combinations of h and φ B . The amplitude of the scattering is readily evaluated in the flavor basis. The relevant terms for this analysis are given by
, and the last term is the Yukawa interaction of h with SM fermions with C hf f = Y hff (0, 1). Now we can express the scattering amplitude as
Since this scattering occurs at very low energies, the zero momentum transfer limit of t → 0 is a good approximation:
Therefore, the pGDM scattering amplitude vanishes in the t → 0 limit. Before moving on to a more general analysis for the pGDM scattering amplitude by taking φ A into account, let us estimate the pGDM lifetime in the spurion limit. The pGDM decays through the interaction,
(2.17)
As an example, we consider a pGDM mass of m DM ∼ 100 GeV. Since both the Z ′ boson and φ B have couplings with SM fermions (the latter through its mixing with the SM Higgs boson), the main decay mode is χ B → Z ′ * φ * B →f SM f SMfSM f SM through off-shell φ B and Z ′ , where f SM represents a SM fermion. We estimate the pGDM lifetime to be where, for definiteness, we set m B = m DM and sin 2 θ H = 0.1. The stability of the DM particle requires v A to be at the intermediate scale or higher. Let us now calculate the pGDM scattering amplitude for the more general case by taking φ A into account. In this case, the pGDM is a linear combination of χ A and χ B as defined in Eq. (2.8), and the pGDM scattering with a nucleon is mediated by three Higgs mass eigenstates which are linear combinations of h, φ A and φ B . Because of the presence of the extra scalar φ A , the vanishing scattering amplitude for the limit of t → 0 is not guaranteed. We work in the flavor basis with S = (φ A , φ B , h) T , and the relevant terms are given by
Here, M S is the 3 × 3 mass matrix in Eq. (2.6), the second term is the interaction of h with the SM fermions C hf f = Y hff (0, 0, 1), and
The total amplitude in the limit of t → 0 is expressed as
We have previously found that v A must be higher than the intermediate scale in order to make the pGDM sufficiently long-lived. Thus, in order not to significantly alter the SM-like Higgs boson mass eigenvalue from the mass matrix of Eq. (2.6), we set λ AH → 0 in the following analysis. The amplitude is then expressed as
Because of the perturvativity constraint for the Higgs-portal scalar DM scenario, we are interested in a DM mass (m DM = m 2 ) less than a few TeV. From Eq. (2.10), we find Λ ∼ m 2 DM /v A ≪ 1. This simplifies the amplitude formula to
which is adequately suppressed. To obtain the final expression in Eq. (2.24), we have set all the quartic couplings to be of the same order.
DM relic density
In this section we numerically evaluate the thermal relic density of the DM particle by solving the Boltzmann equation,
Here, x = m 2 /T is a dimensionless parameter where T is the temperature of the Universe, H(m 2 ) is the Hubble parameter and Y = n/s is the DM yield which is defined as the ratio of the DM number density (n) to the entropy density (s), and Y EQ is the yield of the DM particle in thermal equilibrium:
where K 2 is the Bessel function of the second kind. The thermal average of the total pair annihilation cross section of the DM particles times its relative velocity, σv in Eq. (3.1), can be evaluated as
where g DM (= 1) counts the degrees of freedom of the scalar DM particle, the equilibrium number density of the DM particle n EQ = s(m 2 )Y EQ /x 3 , σ(s) is the total DM particle annihilation cross section, and K 1 is the modified Bessel function of the first kind. The relic density of the DM particle at the present time is evaluated as
where s 0 = 2890 cm −3 is the entropy density of the present Universe and ρ c /h 2 = 1.05 × 10 −5 GeV/cm 3 is the critical density. The Planck satellite experiment has measured Ω DM h 2 = 0.1200 ± 0.0012 [1] .
To simplify our analysis, we take a hierarchy among the VEVs, v A ≫ v B ≫ v H , so that χ 2 ≃ χ B , the mixings of h with φ A,B become negligible and the interaction for the DM annihilation is effectively given by
5)
Since φ A,B are very heavy, we neglect the DM pair annihilation processes mediated by them. Therefore, the analysis for evaluating the DM relic density in our model is approximately the same as the Higgs-portal scalar DM scenario. In the DM pair annihilation processes, we can consider various final states with SM fermions (f ), the weak gauge bosons (W and Z) and the SM Higgs boson (h). The DM annihilation cross sections for the various final states are given by [15] : 
where,
The total DM annihilation cross section is given by
The DM relic density is controlled by only two free parameters, namely, m 2 and λ HB . Numerically solving the Boltzmann equation and imposing Ω DM h 2 = 0.120, we have obtained λ HB as a function of m 2 as shown in Fig. 1 . Here, Ω DM h 2 = 0.120 is reproduced along the curved lines in both panels. In the left (right) panel, the dashed region of the curves are excluded by the indirect DM detection constraint from Fermi-LAT (combined Fermi-LAT and MAGIC). In both panels, the gray shaded region is excluded by the LHC results on the invisible Higgs boson decay mode, BR(h → χ B χ B ) ≤ 0.16 [5] . The DM indirect detection and collider search will be discussed in the next section. 
Indirect Detection and Collider Bounds
Since the pGDM evades the direct DM detection constraints, we consider the constraints from the LHC and indirect DM detection experiments. Let us first consider the LHC bound. If kinematically allowed (m 2 < m h /2), the SM Higgs boson can decay to a pair of pGDMs with a branching ratio,
The CMS result on the invisible Higgs boson decay at the LHC provides us with an upper bound, BR(h → χ B χ B ) ≤ 0.16 [5] . In Fig. 2 (left 
Conclusions
The Higgs-portal scalar DM scenario is one of the simplest extensions of the SM with a DM candidate. However, this scenario is very severely constrained by the null results from the direct DM detection experiments with nearly all of the parameter region excluded. The recently proposed pGDM scenario realizes the Higgs-portal scalar DM particle as a pseudo-Goldstone boson. Due to its Goldstone boson nature, the scattering cross section of the pGDM with a nucleon vanishes in the zero-momentum transfer limit, and so it evades the direct DM detection constraints.
We have proposed a pGDM scenario in the context of a gauged B − L extension of the SM. Our model is a minimal extension of the well-known B − L model with an additional B − L Higgs field Φ B , and following the B − L symmetry breaking, the Higgs sector of the model effectively realizes the pGDM scenario. Since the B − L symmetry forbids the unwanted terms in the original pGDM model which explicitly break the global U(1) symmetry and thereby spoil the Goldstone boson nature of the DM particle, our model can be considered as a (gauged) ultraviolet completion of the pGDM scenario. Unlike the original model, the pGDM particle decays through the B −L gauge interaction, and the B −L symmetry breaking scale is estimated to be quite high ( 10 13 GeV) in order to make the pGDM lifetime sufficiently long. Although the model is free from the direct DM detection constraints, the DM model parameter space can be constrained by the LHC and gamma ray observations by Fermi-LAT and MAGIC.
Finally, in addition to the pGDM physics, our model retains the salient features of the minimal B − L model such that the seesaw mechanism is automatically incorporated and the baryon asymmetry of the universe can be reproduced through leptgenesis. In short, our model overcomes three major problems of the SM, namely the origin of tiny neutrino masses, the nature of the DM particle, and the origin of matter-antimatter asymmetry.
Note added: While finalizing this manuscript we learned that the model we have proposed in this paper has very recently also been discussed by the authors of Ref. [16] .
